Abstract. Microgeographic differentiation in Anopheles gambiae from seven villages less than 10 km apart in Asembo Bay, western Kenya was estimated by analysis of variability in seven microsatellite loci. Results from the Asembo Bay villages were compared with specimens collected in Kilifi, coastal Kenya, 700 km to the east. Allele frequency distribution was very similar in all villages in Asembo Bay, but differed for the Kilifi population. Genetic differentiation among villages was low with loci-specific F st falling within the range of 0.0000-0.0085. These low estimates of differentiation correspond to among-village migration indices greater than 5.66, suggesting a high level of gene flow within the Asembo population. The N m value between Kilifi and Asembo Bay was 1.54, indicating much lower levels of gene flow. Average observed heterozygosity among the seven villages was in all but one case less than the expected heterozygosity, most likely indicating the presence of null alleles, but possibly the presence of randomly mating units (demes) smaller than the village. We conclude that there is likely no genetic structure at the level of the village in Asembo Bay but that gene flow is restricted between western and coastal Kenya, probably by the high elevation rift.
Malaria is one of the most important causes of morbidity and mortality in tropical areas, especially Africa, causing 1-2 million deaths annually. 1 Introduction of malaria refractory genes into natural populations of mosquitoes has been suggested as a possible means of controlling the disease. 2, 3 Present research efforts focus on Anopheles gambiae sensu strictu, the most important African malaria vector. Success of a genetic modification program requires both identification of appropriate genes for introduction into natural populations and a clear understanding of the population genetic structure of the vector. In particular, a thorough analysis of genetic differentiation and barriers to gene flow in natural populations of An. gambiae will help in determining how far and how rapidly introduced genes will spread, and thus the spatial and temporal scale required for gene introductions.
Among-population genetic variability, as measured by any of several markers, can be used to estimate gene flow. In the present study, variability in seven different microsatellite loci, or short tandem repeats, was measured and analyzed. Microsatellites are DNA markers characterized by a variable number of tandem repeat sequences. Repeat motifs are 1-6 basepairs (bp) long; total allele size is usually 100-150 bp. Different alleles are characterized by the exact length in basepairs of the DNA fragment obtained between two fixed sequences of motifs flanking the repeat region. We here present data on variability in An. gambiae collected from nearby villages in western Kenya, with a more distant population from coastal Kenya included for comparison.
MATERIALS AND METHODS
Mosquito collections. Mosquitoes were collected from the Asembo Bay area of Siaya District, Nyanza Province in western Kenya. Seven villages, village 01 (Raliew), village 03 (Nguka), village 07 (Abidha/Boi), village 08 (Bwaja/ Ndara), village 09 (Katombo), village 13 (Ndwara/ Nyang'oma), and village 15 (Mahaya), were studied. These villages are shown in Figure 1 . House walls are constructed with a wood framework plastered with mud, while roofs are either thatch or iron sheets. The rolling lakeside is traversed by numerous semipermanent small streams. Multiple breeding sites occur during the rainy season but these are much less numerous in the dry period. Mosquitoes were aspirated at dawn from mosquito traps hung the previous evening over the beds where the volunteers slept. A total of 219 mosquitoes were sampled from between three and 10 houses in each village. The mosquitoes were then taken to the laboratory where they were identified as either An. gambiae sense lato or An. funestus by morphology. An additional sample comprising 50 specimens was obtained from Kilifi in Coastal province ( Figure 1 ). These were obtained using the pyrethrum spray collection method. Mosquitoes were collected in February and June 1996 from Kilifi and Asembo, respectively, both within the same rainy season. All mosquitoes used in this study were females.
Microsatellite loci. We used seven microsatellite loci cloned from An. gambiae and chosen because preliminary tests showed that they were polymorphic (i.e., had more than one allele). Table 1 summarizes information on these loci. One of the loci (locus 143) is located in the 2La inversion region. All other loci are located outside polymorphic inversion regions.
Isolation of DNA, polymerase chain reaction (PCR), genotyping. Genomic DNA was purified from mosquito abdomens by an alcohol precipitation method described by Collins and others 4 and resuspended in sterile distilled water. Anopheles gambiae mosquitoes were differentiated from An. arabiensis using the PCR method described by Scott and others. 5 A standard PCR in 8-l reaction volumes was run for 30 samples in a Perkin-Elmer (Norwalk, CT) 9600 Cetus thermal cycler, and the PCR product was analyzed electrophoretically using high-resolution horizontal acrylamide gels. 6 The allelic bands were visualized after silver staining. 7 A few samples (3) (4) (5) (6) that provided the whole spectrum of alleles present at a particular locus were selected and for these samples, 80-l amplification reactions were run. Electropho- resis was performed on the product and DNA was precipitated from the gel matrix in the region where the allelic bands were present. The DNA from alleles of different sizes was then mixed, diluted, and amplified to form an allelic ladder for the particular locus. All samples run were scored against such allelic ladders.
Data analysis. Deviations from expected Hardy-Weinberg equilibrium genotypes were tested first without pooling alleles and then after pooling all except the most common one. 8 Genotype proportions were tested using standard twoclass chi-square tests. 9 Coefficients of heterozygote deficiency were calculated for the different villages. Heterozygosity studies were complemented by calculations of F-statistics based on Weir and Cockerham. 10 Estimates of migration were derived from F st values by rearranging the formulation of Wright: F st ϭ 1(4N m ϩ 1). 11 Linkage disequilibrium coefficients were also calculated according to Ohta. 12, 13 RESULTS Allele frequency distribution. Allele frequencies were calculated from genotypes collected from seven different villages in Asembo Bay and from Kilifi. Allele frequency distribution was very similar in most villages for most loci but differed slightly for the Kilifi population. This suggests that the populations from Asembo are similar to each other but different from the Kilifi one. Most alleles were found in all of the Asembo villages as well as in Kilifi. Figure 2 shows bar charts for allele frequency distribution for the seven villages for the seven loci studied. Genetic variability. All villages conformed to HardyWeinberg expectations with unpooled data for loci 2a, 29c, 22C1, and 119. Loci 1d, 143, and 147 deviated from HardyWeinberg expectation for three, two, and four villages respectively. All loci except locus 143 for village 03 conformed when the chi-square test was done on pooled alleles. Such a pattern indicates violation of some Hardy-Weinberg assumption such as random mating or absence of natural selection. The Kilifi population deviated only for one locus (2a) of the seven loci studied, indicating no outstanding deviations from Hardy-Weinberg equilibrium and that this single deviation could be a matter of chance.
Observed heterozygosities together with those expected from Hardy-Weinberg equilibrium for each of the Asembo villages (and for Kilifi) and sample sizes are given in Table  2 . This table also shows fixation indices, F, and corresponding P values. The F values measure the amount of heterozygote deficiency or excess, which give an indication of departures from random mating. The sequential Bonferroni procedure was applied to check the significance of these P values. Fixation indices were found to be significant only for locus 147 in villages 07, 08, and 15 and for locus 143 in village 03. This suggests that the heterozygote deficiency observed when heterozygosities were averaged across all loci may be attributed to locus 147. In Kilifi, heterozygote deficiency was seen only at locus 2a. Overall, deviations were not significant and this suggests no obvious violation of the assumptions of Hardy-Weinberg.
The F-statistics were calculated using the method of Weir and Cockerham. 10 Variation in allele frequency between populations can be measured by calculating the F st which is the variance among allele frequencies standardized by the mean allele frequency among populations. The F st values range from 0 to 1; the higher the value, the greater the differences between populations. Values obtained were generally low. The mean F st estimate based on information from all seven microsatellite loci was 0.0016 when the seven villages in Asembo were considered. Locus-specific F st estimates ranged from Ϫ0.0085 (locus 2a) to 0.0085 (locus 22C1). Mean pairwise F st values between villages ranged from Ϫ0.0063 to 0.02160. An attempt to correlate these values to geographic distances between any two given villages was made ( Figure 3) . No correlation between pairwise F st values and geographic distance was found (r ϭ 0.1646, degrees of freedom ϭ 1, P ϭ 0.4760), suggesting that levels of differentiation are independent of distance. The migration index (N m ), which gives an indication of the average number of individuals interchanged between populations in one generation, was then estimated from the highest F st as described above and found to be 5.66. All other N m values are expected to be greater than this value. These values indicate a relatively free interchange of genes.
Because there was no evidence that the gene pool was subdivided at the village level in Asembo, data from all villages were lumped before comparison with Kilifi. There were significant heterozygote deficiencies at loci 143 and 147. The mean F st between the two regions was 0.0749, corresponding to an N m of 1.54. This indicates a very restricted level of interchange of genes between Asembo and Kilifi.
Linkage disequilibrium analysis. Alleles of different loci are in linkage disequilibrium if they occur together in individuals with a probability higher or lower than would be expected by chance alone. The presence of linkage disequilibrium serves as an indicator of departures from random mating or of selection for certain genotypes. Linkage disequilibrium coefficients were calculated according to Ohta 12, 13 after lumping data for the Asembo villages. Of 21 pairwise comparisons between loci, three and two were significant for the Asembo and Kilifi populations, respectively (P Ͻ 0.05). We tested whether these results were significant by using the sequential Bonferroni 14 test and then the binomial probability test. Both tests showed that the results were not significant, suggesting no departures from random mating or selection for certain genotypes.
DISCUSSION
There were slight deviations in Hardy-Weinberg expectations, indicating violation of some assumption. Significant deficiencies of heterozygotes were seen at loci 29c, 143, and 147 in one, two, and four villages, respectively. Furthermore, in six of seven villages, average observed heterozygosity was always less than the expected heterozygosity. This state of excess homozygosity could be due to the Wahlund effect observed when sympatric populations with limited interchange of individuals are sampled as a single population. A more likely explanation, however, is the presence of null alleles 15 due to mutation within the DNA sequence complementary to the oligoprimer, inhibiting or completely preventing their binding. The deviation from Hardy-Weinberg expectations in the Kilifi population at locus 2a was associated with heterozygote deficiency and could be due to the presence of null alleles at this locus.
There was no evidence of isolation by distance in Asembo Bay because F st values were in no way correlated with geographic distances. Indeed, Lehmann and others 16 have shown that populations of An. gambiae from Asembo Bay and Senegal, 6,000 km apart, had an average F st of 0.016 (corresponding to an N m of 7.7), a value considerably less than that obtained in the present study for much shorter distances.
The F st values between the seven villages varied within the narrow range of 0.000-0.0085, with a mean of 0.0016. This suggests that the villages may not be differentiated units. The N m values were greater than 5.66. Genetic differentiation due to genetic drift is expected in neutral loci if N m Ͻ 1 but not if N m Ͼ 1. 17 The N m values greater than 5.66 signify high interchange of genes between villages. Indeed, An. gambiae have been shown to fly 2.00 and 4.25 miles against and in the direction of the wind, respectively. 18 Such an ability to fly could account for this apparently free interchange of genes.
The N m values obtained for the comparison between the total Asembo population and Kilifi was 1.54. This value represents a fairly restricted level of gene flow between Kilifi and the Asembo Bay region. Such results strongly suggest the existence of a definite barrier to gene flow between the two regions assuming that distance alone is not enough to cause restricted gene flow. 16 The Great Rift Valley, which bifurcates Kenya, could well be this barrier: An gambiae is closely associated with humans. Lack of human settlement in the high escarpments of the Rift Valley could cause discontinuity in the An. gambiae populations.
The presence of heterozygote deficiencies could mean that An. gambiae genetic population structure is composed of randomly mating units (demes) of sizes smaller than the village. This possibility can be tested by considering different levels of the population such as the house or even different regions of the house. We were unable to test this because of the low sample sizes for the houses (generally less than 15). If this is the case, it could lead to an underestimation of the extent of genetic differentiation within the area. Lehmann and others 19 have, however, recently suggested that the minimum distance associated with a deme in this area is 50 km.
When populations that differ in allelic frequencies across several loci are pooled, the resulting population is likely to manifest linkage disequilibrium. 20 The fact that no linkage disequilibrium was observed when we merged data from all the Asembo villages therefore further strengthens our conclusion that the Asembo populations are a single randomly mating entity (panmictic).
Our data suggests that there is little genetic differentiation at the village level in the area studied, i.e., the populations are panmictic. However, estimates of genetic differentiation could be smaller than expected due to an existing constraint on the allele size, 21 such as biased mutation rates, 22 and/or selection for certain allele sizes. 23 Results for the comparison between Asembo and Kilifi, however, suggest that if such constraints exist, they may not be so great as to obscure existing genetic differentiation. Our results are in concordance with those of Lehmann and others, 19 who used mt-DNA and microsatellites to study populations from the same area and with those of Petrarca and Beier, 24 , who studied chromosomal polymorphisms in An. gambiae from areas near the present study site. Because of this agreement and the fact that the microsatellite loci we used unambiguously detected high levels of differentiation between Asembo and Kilifi, microsatellite can be said to be a useful tool for population genetic structure studies. These results do not, however, support those of McLain and others, 25 who found variation between populations from localities in western Kenya within 10 km of each other based on restriction fragment length polymorphisms of rDNA loci.
Our results suggests no barrier to gene flow at a microgeographic scale. Thus, genes introduced by transgenic mosquitoes as well as alleles conferring insecticide resistance would be expected to spread rapidly on this scale. Permethrin resistance in An. gambiae has been observed in western Kenya where permethrin-impregnated bed nets and curtains are used; 26 results from the present study may be useful in predicting the spread of such resistance as bed net use is expanded. Studies to identify loci that may be more useful in measuring low levels of genetic differentiation are underway.
